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Experimental study of materials for containing mercury a t  high tem peratures 
shows the refractories tantalum and columbium-1 % zirconium alloy 
to be most corrosion resistant, and martensitic and low-alloy steels next best 
B k M .  SCHEUERMANN, C. A. BARREIT, W. H. LOWDERMILK, and LOUIS ROSENBLUMJ 
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Developnient of the Snap43 30-kw nu- rosion data needed to guide a Snap-8 
clear turbogenerator space power sys- secondary mercury loop materials se- 
tem, shown in the schematic on page lection, a reflux capsule materials 
41, was started in 1960. Among the 
areas where the requisite technology 
for system development was lacking 
was that of materials for mercury con- 
tainment. At that  time, data from 
large-scale mercury boiler operation, 
run as long as 10,000 h r  and at vari- 
ous temperatures as high as 1200 F, 
were available for a few ferrous ma- 
terials. These results were presented 
as a review of unpublished data: and 
their significance could not be evalu- 
ated satisfactorily. 

Before 1960, other ferrous materi- 
nls, as  well as  molybdenum, tungsten, 
and Stellite, had been tested in all- 
liquid dynamic harps (loops) for short 
periods of time (up to 1000 h r )  and at 
temperatures up to 1200 F.' Two-phase 
(boiling-condensing ) mercury com- 
patibility data were available for some 
refractory metals as well as nickel-, 
cobalt-, and iron-base alloys at tem- 
peratures of 700 and 900 F for times 
up to 60 days. In addition, two-phase 

. - 1  corrosion tests were run on HS-25, 
PH 15-7Mo, 347 stainless steel, and 
columbium at 1100 F for 12 days.' 
When the aforementioned test-data 
onditions were compared to the 
nap4  system requirements (upper 

mercury temperature of 1300 F and 
an operational lifetime of 10,000 hr) ,  
a technological gap was apparent. 

In an attempt to provide the cor- 

::I 
screening program was initiated at the 
Lewis Research Center. Twenty-four 
materials were chosen for this pro- 
gram from the following categories: 
(1) austenitic stainless steels; (2) 
semiaustenitic stainless steels; (3)  
martensitic chromium steels, including 
400-series stainless steels; (4) cobalb 
base alloys; (5)  refractory metals and ' 
alloys, and (6) nickel-base alloys. Al- 
though prone to mercury attack, the 
nickel-base alloys were included for 
purposes of comparison. 

The purpose of this paper is to de- 
scribe some of the preliminary results 
of the Snap-8 materials screening pro- 
gram and to discuss their significance. 

Experimental Procedure. The com- 
patibility of the various test materi- 
als, listed in the table on page 42, with 
mercury was determined by means of 
reflux capsules, 1/2-in. O.D. by 1 3/4- 
in. long by 0.040-in. wall, shown in the 
photo on page 41. The capsule wall 
served as the test specimen. 

The capsules were filled to approx- 
imately one-third with triple-distilled 
mercury, and sealed by electron-beam 
welding in a vacuum of about lo4 
Torr. Resistance-type heaters were 
placed around the lower two-thirds of 
the capsule to provide the heat needed 
to boil the mercury. Test conditions are 
listed in the table on page 42. 

At the conclusion of the tests, ver- 

tical sections of the capsules were ex- 
amined metallogrhphically, and max- 
imum penetration for each capsule 
measured with a filar eyepiece. Spec- 
imens of particular interest were ana- 
lyzed by an independent laboratory 
using electron-beam microprobe anal- 
ysis techniques. This method utilizes 
an electron beam to produce primary 
X-ray emission from the elements 
present in a &all volume of a speci- 
men. The X-ray wavelengths and 
their intensities provide a measure of 
the quantity of each element present. 

Penetration Data. Typically, visual 
examination of materials that  were 
attacked by the mercury showed crys- 
talline deposits along the capsule walls 
in the boiling section, predominantly 
at the boiling interface. Metallo- 
graphic examination showed penetra- 
tion attack in the condensing sections 
of the capsules. An example of the 
type of attack normally found in the 
condensing sections is shown in the 
top illustration on page 43. 

Of the 174 capsules tested under 
the conditions listed in the table on 
page 42, 63 were run as singles, 74 as 
duplicates, 24 as  triplicates, 8 as 
quadruplicates, and 5 as quintupli- 
cates. When multiple capsules of one 
material were tested at one test condi- 
tion, the average of the observed maxi- 
mum penetrations was determined, and 
the average deviation from this figure 
calculated. The average deviations for 
all materials were found to vary 
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linearly with the averages of the max- 
imum penetrations; a penetration of 
7 mils had an  average deviation of 1 
mil. The averages of the maximum 
penetrations were plotted as functions 
of temperature, the average deviation 
being used to delineate the upper and 
!owpr limits nf t h e  sratter hand. 

The graph on page 42 denotes the 
maximum penetration observed in 300 
hr  for the alloys (listed in  the table on 
page 42) grouped as to their material 
category. The least corrosion-resistant 
materials were the austenitic stainless 
steels, the nickel-base alloys, and the 
cobalt-base alloys. Exhibiting notice- 
ably less corrosion than these were the 
martensitic chromium steels and the 
austenitic stainless steel, AM-350, 
while the refractory metals were com- 
pletely unaffected by the mercury. 

A surprising result was the nega- 
tive temperature coefficient of pene- 
tration found over most of the tem- 
perature range for the austenitic 
stainless steels, 304 and AF-71. This 
same effect was found at test times up 
to and including the 5000 h r  for type- 
304 stainless steel. (Type AF-71 was 
not run for longer times.) Further 
work will be needed to explain this ap- 
parently anomalous result. (Tests 
were re-run on Type 304 for 1000, 
2000, and 5000 hr. These tests con- 
firmed the negative temperature coeffi- 
cient.) 

Because of limitations in experi- 
mental test space and time, only a few 
selected materials were tested for  pe- 
riods longer than 300 hr. The first 
graph on page 43 gives the penetra- 
tion observed in 1000 h r  for  selected 
materials from five material cate- 
gories. In  relation to the other mate- 
rials, both the austenitic stainless 
steel, type 304, and the cobalt-base 
alloys-HS-25, H-8187, ML-1700, and 
HS-23-exhibited the greatest pene- 

' tration.4 The* martensitic chromium 

steels, Sicronio 9M, H-46, and 410, and 
the semiaustenitic stainless steel, AM- 
355, showed considerably less attack. 
No measurable penetration was ob- 
served in the case of the refractory 
materials, Cb-1Zr and Ta. 

The results of the 5000-hr tests com- 
Dleted to date  are eiven in  the second 
graph on page 43. The AM-350 and 304 
stainless steels and the HS-25 showed 
relatively great penetrations. Copious 
deposits were found at the boiling in- 
terface in the test capsules, all but 
plugging the capsules at that  point. 
The negative temperature coefficient of 
penetration was again evidenced for 
304 stainless steel, and in addition 
AM-350 showed a slight negative co- 
efficient. Sicromo 9M falls into a lower 
penetration range than AM-350 and 
HS-25, with one-quarter to one-fifth 
the penetration. Nevertheless, heavy 
deposits (not quite as heavy as in the 
case of HS-25) were found at the cap- 
sule boiling interface. The 5000-hr 
tests with Cb-1Zr and Ta are presently 
in progress. Still, it should be noted 
that these materials showed no observ- 
able penetration in the 2000-hr tests 
already completed. (The 5000-hr test 
results on Cb-1Zr and T a  were ob- 
tained shortly before publication. 
There was no observable penetration 
of these materials by the mercury.) 

Electron-Beam Probe Data. Results 
of numerous electron-beam microprobe 
analyses showed an almost complete 
depletion, o r  leaching, of Mn, Cr, and 

Ni from the capsule inner surface 
layers when they were initially pres- 
ent in  a test alloy. Cobalt, when pres- 
ent, was partially depleted. In  HS-25, 
for  example, the cobalt leaching was 
incomplete, possibly due to the forma- 
tion of a n  insoluble intermetallic com- 
pound with tungsten. The last graph 
on page 43 is a plot of the ratio of the 
amount of each major alloying ele- 
ment to the amount of tungsten pres- 
ent as a function of distance, deter- 
mined by an electron-beam microprobe 
analysis of an HS-25 capsule tested 
for 1000 h r  at 1200 F. This plot il- 
lustrates the cobalt partial-depletion 
effect. An X-ray diffraction analysis 
of the depleted area revealed the pres- 
ence of CoaW. Iron was relatively little 
affected by mercury as  shown by anal- 
yses of 304, AM-350, Sicromo 9M, and 
UMCo 50 + Ti. The refractory metals, 
Mo and W, were unaffected as shown 
by similar analyses of AM-350, Si- 
cromo 9M, HS-25, and H-8187. 

Discussion of Results. Materials 
compatibility screening tests cannot 
uniquely be used to select a material 
for a system application since other 
factors, such as strength, fabricability, 
and availability, must also be con- 
sidered. Even from compatibility con- 
siderations alone, a screening test, 
such as the reflux capsule test, can- 
not provide all of the information 
needed to evaluate corrosion resist- 
ance, since it cannot simulate either 
the nature or magnitude of the cor- 
rosion attack that  takes place in all 
parts of an actual system or the effect 
of corrosion products on system com- 
ponents. This simulation can only be 
realized in a pumped loop experiment. 
Nevertheless, a reflux-capsule study is 
of value in examining a large number 
of materials conveniently and inex- 
pensively and in distinguishing in a 
relative manner between good and 
poor corrosion-resistant materials. 

Natural convection boiling loops 
(NCBL) are inherently incapable of 
simulating a pumped loop because of 
two important limitations. First, there 
is no appreciable temperature or pres- 
sure difference imposed between the 
boiling and the condensing section 
(with concomitant small area flow 
passages). Secondly, if a NCBL is to 
operate stably, it can do so only a t  low 

Reflux capsules used in liquid-metal corrosion studies. 



MATERIALS CHOSEN FOR THE MERCURY REFLUX CA?SULE SCREENING PROGRAM 

Mo 1 W 

3 - 
2.75 I - 
2.75 1 - 
1 
3 - 
1.1 - 
1.3 - 
0.8 - 

- 1 -  

- - 
1 

5 
15 

- - 
12.5 - 
1.5 4.5 - 25 - - 
- 15 - 15 

100 - - - 1 
- l -  - 1 -  

- I -  

Other 

- 
0.20 E. 0.8 V 
0.20 (N + Cf 
0.23 (N + C) 

0.25V 
2.25 Cu. 0.10 N 

0.5 V 
0.6 (Cb + Ta), 

- 

- 

0.4V - - 
0.02 B 
1.1OC 
1.0Ti 
0.2 T i  
0.4 B - - 
100 Cb 
99Cb. lZr  
100 Ta - 

- 

Type 

- 

304 
AF-71 

AM-350 
AM-355 

410 
422 

Lapelloy C 
Sicromo 9M 

Dynaflex 
H-46 

Composition I 

I Test Mater ia l  
Ni c o  Fe 1 C r  

Bal. I 19 
~~ 

Mn 

2 
18.4 
0.8 
0.95 
1 
0.75 
1 
0.5 
0.3 
0.80 

1 
1.5 
1 
2 

-~ 

- - - - - - - - - - 

Austenitic stainless steel 
Austenitic stainless steel 
Semiaustenitic stainless steel 1 
Semiaustenitic stainless steel j 
Martensitic chromium steel j 

10 - 
4.3 
4.3 
0.5 
0.8 
0.5 - - 
0.6 

- 
10 

3 
- 
- - - - - - - 
- 

Bal. 
Bal. 

12.6 
16.5 
15.5 
12 

1 
10 
5 

14.0 

24.5 
20 
20 
30 

30 
25 
15 

- 

- - - 
- 

14.5 - 

HS-23 
HS-25 
H-8187 

Cobalt-base alloy 

I I Haynes 6 8  
Co-25W-1Ti 

UMCo 50 + T i  

Molvbdenum 

ML-l700(Mod.) 
C0-15M0-15Cr 

Refractory metal or alloy 
~ Coiurnbiurn 

~ Tantalum 
Cb-1Zr 

Hastelloy B 
I lnconel 

1 
Nickel-base alloy 

J. 

REFLUX CAPSULE TESTING TIMES AND TEMPERATURES 
~ 

Type I Test temperature, F Test time, hr Material 

Austenitic- stainless steel 
Austenitic stainless steel 
Semiaustenitic stainless steel 
Semiaustenitic stainless steel 
Martensitic chromium steel 

- 

304 
AF-71 

AM-350 
AM-355 

410 
422 

Lapelloy C 
Sicrorno 9M 

Dynaflex 
H -46 

1 nnn. 1 1  nni 
1100.1200, 
1100, 1150, 
1100.1200, 
1000.1100, 
1100, 1200 
1100,1200 
1000, 1100, 
looo. 1100. 
1100,1200 
1100,1200. 
1000.1100. 
1100.1200. 
1200.1300 
1200. 1300 

17Ws 1300 
1300 
1200.1250, 
1300 
1150 

1150,1200. 
1200 

1300 
1200.1300 
1300 

300-5000 
300 
300-5000 

1000 
300-1000 
300 
300 
300-5000 
300 
300-1000 
300-1000 
300-5000 
300-1000 
300 
300 
300 
300-1000 
300 
300 
300 
300-1000 

1000-2000 
300 
300 

1300 

1250 I 
Cobalt-base alloy 

I 
HS-23 
HS-25 
H-8187 

Haynes 6 8  
Co-25W-1Ti 

UMCo 50 + Ti 
ML-1700 (Mod.) 
Co-15Mo-15Cr 
Moly b d e n u m 
Columbium 

Cb-1Zr 
Ta ntalu m 

lnconel 
Hastelloy B 

1100; 1200. 1300 
1100,1200,1250.1300 
1100.1200.1300 
1300 
1100 
1100.1200.1300 
1100,1200.1300 
1100.1200 
1100.1200 

Nickel-base alloy 
Nickel-base alloy 

-- flow rates (about the same as stable 
reflux capsule boiling rates). An at- 
tempt to increase flow rate by increas- 
ing the heat flux at the boiler merely 
promotes unstable flow, the so-called 
slugging. Therefore, the flow rate in a 
stably operated NCBL will be three 
to four orders of magnitude lower 
than in a Snap-8 system, for example. 

Within the limits of significance of 
this capsule-test program as discussed 
previously, two major results may be 
pointed out. First, the preferential 
leaching of specific elements shown by 
the electron-beam microprobe analyses 
illuminated an important point con- 
cerning the nature of mercury corro- 
sion in the temperature range under 
investigation-namely, that the cor- 
rosive attack is approximately related 
to the solubility of the elements in 

42 

mercury and to the total amount of 
soluble elements present in the alloy. 

From the limited solubility data 
available,- the solubility of the ele- 
ments of interest in mercury a t  test 
temperatures may be conjectured to 
be as  follows: Mn > Ni > Cr > Co > 
Fe > W, with one o r  two orders of 
magnitude difference in solubility be- 
tween Ni and Fe. This is essentially 
the same as the order of leaching at- 
tack indicated in the electron-beam 
probe analyses. By comparing alloys 
on the basis of penetration and the 
total percentage of mercury soluble 
elements present in them, it can be 
confirmed that there is a general trend 
toward greater penetration as the 
soluble element concentration in an 
alloy increases. When accurate and 
consistent mercury solubility data does 
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Typical appearance of depleted zone in mercury reflux capsules. 

become available, hopefully, it will be 
possible to make a quantitative cor- 
relation between corrosion attack and 
solubility. 

The second result of the capsule-test 
program was tha t  a marked difference 
in corrosion resistance was shown 
among the materials tested. The re- 
fractory metals appeared to be com- 
pletely resistant to penetration attack 
in the tests run up to 2000 h r  (the 
limit of tests to date), while all other 
materials exhibited penetration attack 
varying from moderate to extreme. 

other investigators would be helpful 
for confirmation of the test results re- 
ported here. However, it should be 
recognized tha t  such a comparison is 
difficult to make. Data from among 
different investigators are usually gen- 
erated under different experimental 
conditions, that is, mercury boiling 
rate, capsule-surface treatment, and 
test-temperature control. Also, since 
test temperatures and times do not 
often coincide among investigators, ex- 
trapolation is required to  permit com- 
parison of data. 

Nevertheless, i t  is found that there 
is fair  agreement in many cases. For 

A culiipikGii With the X’eSUkS Cf 

COBALT BASE 

H-8187 

4 

I /  t b - 1 2 , .  To 
I/ NO MEASURABLE 

PENETRATION ____-- 

example, the Thompson Ram0 Wool- 
dridge (TRW) 1000-hr penetration re- 
sults?.’ for  410 stainless steel, Sicromo, 
300-series stainless steels, and HS-25, 
(all compared at 1000 F by extrapola- 
tion of the TRW 700 and 900 F data) 
agree within a factor of three with the 
results presented in this paper. Poor 
agreement, however, is found for AM- 
355, where extrapolation of the data 
of this investigation to 900 F showed 
an order of magnitude difference when 
compared with the AM-350 data of 
TRW at 900 F. This large discrepancy 
in pelletration mou!d n o t  he expected 
from the slight difference in composi- 
tion of these steels. 

A comparison of capsule tests of the 
refractory metals and alloys shows 
good agreement. The quartz-capsule 
test results of Brookhaven National 
LaboratoryB for Ta  and Cb-1Zr a t  
1100 F up to 3000 h r  showed virtually 
no change in weight, and metallo- 
graphic examination showed no de- 
tectable corrosive attack. In this case, 
good agreement of results is obtained 
because, with an extremely corrosion 
resistant material, variations in test 
conditions should produce immeasur- 
ably small differences in penetration. 

Comlusions. The conclusions tha t  
can be derived from the preliminary 
results of the reflux capsule screening 
program for a Snap-8 mercury con- 
tainment material are as follows: 

1. Of all the materials tested, tan- 
talum and columbium-l% zirconium 
alloy are the most corrosion resistant. 
They showed no measurable penetra- 
tion in 2000 hr, the limit of tests to 
date. 

2. The martensitic and low alloy 
steels were next best in corrosion re- 
sistance for test times up to 5000 hr, 
but exhibited measurable penetration. 

3. All other materials tested showed 
considerably less corrosion resistance 
for test times up to 5000 hr. 

4. The corrosive attack of a mate- 
rial by mercury is directly related to  
the total percentage of mercury-soluble 
elements present in these materials. 
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